The interface toughness of a thin coating/compliant substrate system is estimated based on the evolution of coating buckle patterns in the fragmentation test. The linear density of coating buckles as a function of applied strain is determined experimentally for a SiO x coating deposited on a polyethylene terephthalate film. A three-dimensional non-linear finite element model is developed to simulate the process of buckle formation in a single narrow coating strip. The elastic energy released during buckling-driven delamination is obtained from the energy balance in the system before and after the buckling event. Both the interface adhesion and the total energy release rate, which includes the plastic dissipation in the substrate during debonding, are evaluated. The apparent interfacial toughness, equal to 15 J/m 2 at the onset of buckling, is found to increase with strain. This is tentatively explained by the probabilistic features of the buckle accumulation process, reflected also in the random locations of buckles evolving towards a log-normal distribution of buckle spacings at high strains.
Introduction
Interlaminar adhesion is a characteristic of primary importance for ensuring mechanical integrity of laminated structures. A number of experimental methods to estimate the interfacial toughness of thin film/ substrate systems have been elaborated, see reviews [1] [2] [3] , bucklingdriven delamination being one of them. In flexible, organic electronics components, a large mismatch of elastic moduli between stiff films and compliant substrates is common. The effect of the mismatch on the shape of buckling-driven delamination has been determined [4, 5] and the relations for steady state energy release rate (ERR) obtained [6, 7] . In order to initiate bucking with subsequent delamination, a sufficient level of compressive stress in the film has to be reached. This can be accomplished by mechanical (e.g. bending the coated substrate [5, 8] ) or physical (temperature variation [5] , hydrogen treatment [9] ) means.
A similar loading mechanism leading to buckle formation is seen in the fragmentation test [3] . The test is usually applied to evaluate the interfacial shear strength between the coating and the substrate based on the crack density at saturation. The latter is reached at a relatively high tensile strain. However, during tensile loading of the coated film, compressive transverse stresses arise in the coating fragments due to Poisson's ratio mismatch between the substrate and the coating. The compressive stresses cause progressive buckling and delamination of coating fragments transverse to the tensile loading direction [10] [11] [12] [13] [14] .
The observation of the debonding process can be used to determine the interfacial adhesion characteristics. The interfacial fracture energy is evaluated in [11] as the energy released by the coating per unit interface area, based on the average dimensions of the buckled zone and the buckling onset stress. Only the buckled part of the coating is considered in the energy balance, an approach pertinent to stiff substrates [1, 7] . It is assumed in [12] that buckling commences with debonding at the free edges of coating strips governed by mode II fracture toughness. The latter is evaluated by an elastic interfacial stress analysis at the experimentally determined buckling onset stress.
Buckling-driven delamination tunnels rapidly through a fragment if the adhesion is low to moderate [11] [12] [13] . Hence, the critical ERR can be estimated from the energy balance in the system before and after the buckling event [15] , using the finite fracture mechanics (FFM) approach. FFM implies that if a crack of a well-defined geometry appears spontaneously at a given load level (i.e. its propagation is fast and the finer details of crack development are not important), then the actual crack growth process, normally the subject of fracture mechanics, can be neglected and the crack appearance treated as a fracture event. Such a fracture event occurs when the finite amount of energy released per unit crack area is equal to (or exceeds) the critical ERR. The interpretation of toughness as derived by FFM arguments is discussed in [16] [17] [18] . It is claimed that the FFM approach is best applicable to similar fracture events, e.g. progressive cracking.
We apply the FFM analysis to progressive buckling of a 103 nm thick SiO x coating on a polyethylene terephthalate (PET) film studied in [10] . The buckling process is shown to evolve gradually over a strain Contents lists available at ScienceDirect
Thin Solid Films j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / ts f range that apparently depends on interface imperfections, scatter in toughness, and buckle interaction. Probabilistic features of the buckle pattern evolution are discussed.
Materials and methods
The material investigated is a 12 μm thick extruded and biaxially stretched PET film, coated by means of reactive evaporation with a 103 nm thick SiO x layer, where x = 1.66 ± 0.03 as measured from X-ray photoelectron spectroscopy.
Fragmentation tests [3] under uniaxial loading were performed at room temperature on 40 × 10 mm 2 rectangular samples using a miniature tensile tester with displacement control (Minimat, Rheometric Systems) in situ in an optical microscope (Olympus SH-2). A small prestrain was applied to the film samples to assure proper alignment that induced an uncertainty of about 0.2% nominal strain in the recorded strain values. The crack development during straining at a constant strain rate of 2.1 10 − 4 s − 1 was video recorded via a coupledcharge device camera connected to the microscope. Later, the video was played back and the crack pattern was analysed at selected strains. In the present study, attention was paid to the occurrence of buckling features within individual coating fragments as shown in Fig. 1 . The linear buckling density (i.e. the number of buckles per unit fragment length) was determined as the inverse of the average spacing between adjacent buckles. The linear buckle density as a function of the applied strain is presented in Fig. 2 . The buckle spacing distribution in SiO x coating fragments at a tensile strain of 0.15 is shown in Fig. 3 in normalized coordinates.
Model of buckling-driven delamination in a coating strip

Elementary estimate of interfacial toughness
Consider a coating fragment of width w adhering to the substrate subjected to tensile strain, Fig. 4 . The transverse compressive stress in the coating fragment is related to the longitudinal tensile strain, ε x , applied to the substrate and to the mechanical strain ε x c acting in the coating. The compressive transverse stress in the coating arises due to the difference in transverse contraction between the substrate and the coating, resulting from the mismatch of Poisson's ratios and tensile strains, and is given to a first approximation by:
where σ r c is the residual stress in the coating, E stands for Young's modulus, ν is Poisson's ratio, and subscripts s and c relate to substrate and coating properties, respectively. Buckling onset is observed at a relatively advanced fragmentation stage when the length of the tensile stress recovery zone, λ, exceeds the fragment width, λ N w. As a result, the applied strain is not fully transferred to the coating fragment, ε x c b ε x , and the strain distribution can be approximated by [13] 
with the origin of the x axis taken at the fragment edge. As
varies along the fragment width, so does the compressive stress σ y c reaching the maximum (compressive) value at fragment edges where ε x c = 0. Therefore, a buckle is more likely to originate at the fragment edge. The average value of the compressive coating stress over the fragment width is evaluated by Eqs. (1) and (2) as
A buckling event releases the strain energy from the buckled coating zone of extent 2b and also from the stress perturbation zones adjacent to the buckle. For a compliant substrate, the perturbation zone of the coating stress extends over a distance l p from buckle fronts [7] 
where the overbar denotes the plane strain modulus and h c is the coating thickness. Assuming for simplicity that the compressive stress is fully released due to the buckling event from a coating zone of linear extent 2b + 2l p we estimate the ERR associated to delamination as
Numerical analysis
A three-dimensional non-linear finite element (FE) model is used to analyze the process of buckling driven delamination in a coating strip. The substrate is modeled as an elastic-plastic material with isotropic strain hardening, while a linear elastic behavior of the coating is assumed. As cohesive cracks usually develop in coating fragments upon buckling (shown schematically in Fig. 4) , we simplify the modeling task by assuming complete detachment of the debonded part of the coating. This is accomplished by removing the parts of the coating corresponding to buckles from the FE model at the appropriate analysis steps, by means of reducing the coating material modulus to zero.
The numerical analysis is performed in two steps. In the first step, residual stresses are generated by a temperature change and the prescribed tensile strain is applied by enforcing suitable displacement boundary conditions. In the second step, part of the coating corresponding to the experimentally determined buckle width is removed as described above thus modelling the buckling event.
The elastic energy released during debonding is evaluated through the energy balance of the system before and after the buckling event. The elastic energy, U i , due to residual stresses and the external work, W, applied to the system during the first step of analysis are equal to the sum of stored elastic energy U el and dissipated energy D pl at the end of the step
No external work is done during the second step of analysis. Part of the elastic energy released during the process of coating delamination is dissipated in plastic deformation of the substrate, and the remaining part is attributed to the new surface creation
where ΔU el , ΔD pl denote the increments of elastic energy and dissipation during the second step, ΔA is the debonded area, and G adh is the ERR associated to debonding, i.e. the interfacial toughness. The latter is evaluated using Eq. (7) as
The total energy release rate, that includes both the energy spent on the new surface creation and the plastic dissipation in the substrate accompanying debonding, is given by
Appropriate symmetry conditions are enforced to reduce the FE model size. For the initial stages of buckling, when the average buckle spacing exceeds the perturbation zone of the coating stress l p (evaluated by FEM), the lateral size of the model is chosen slightly larger than l p . However, when the average distance between buckles at a load level of interest becomes comparable to or smaller than l p , buckle interaction is accounted for by adjusting the size of the FE model and introducing the pre-existing debonded buckle at a specified location in the first step of the numerical analysis. Fig. 5 shows a part of the FE model upon delamination and detachment of the buckled coating. 
Results and discussion
The finite element code ABAQUS was used for numerical analysis. The FE model comprised about 30000 elements. The coating was modelled using quadratic brick elements and quadratic tetrahedral elements were used for the substrate. The coating was attached to the substrate by a surface-to-surface "tie" constraint, available in ABAQUS. The thickness of the substrate in the FE model was taken 120 times larger than the coating thickness according to the SiO x /PET film geometry. The bottom plane of the substrate was fixed in the vertical (thickness-wise) direction in order to prevent spurious bending under the applied load due to limited FE model dimensions.
The FE analysis of the SiO x coating with a single buckle together with a linear interpolation of the experimental buckle density vs strain data of Fig. 2 revealed that the onset of buckle interaction is reached at ca 12% tensile strain. The length of the stress relaxation zone is about 12.5 µm, virtually independent of the applied strain as suggested by the stress recovery data of Fig. 6 , and the respective critical buckle density amounts to 40 mm
ERR analysis is performed for the four applied strain levels at which buckle density is measured, and the results are presented in Fig. 7 . The residual stress in the coating is estimated at −272 MPa [13] . The first buckles appeared at about 6% strain, which corresponds to an interfacial adhesion of G adh~1 5 J/m 2 as evaluated by Eq. (8) . Upon load increase, buckles develop at other sites with higher apparent adhesion. The data trend in Fig. 7 suggests that a saturation level is approached at larger strains with an interface adhesion of about 54 J/ m 2 . The full energy release rate, Eq. (9), which includes plastic dissipation in the substrate near the delamination zone, amounts to G c 60 J/m 2 at the applied strain of 6% and increases up to 160 J/m 2 at 15% strain. In order to apply the analytical model of Section 3.1, we rely on the value of λ obtained for the considered material system in [13] and amounting to λ ≈ 40h c . Upon numerical evaluation of the terms in Eq. (3), it ensues that the correction due to the tensile strain in the coating fragment is small, hence σ¯y c ≈ σ c r − v s E c ε x . It is interesting to note that the elementary estimate for G adh obtained using Eq. (5) follows rather closely the FE results as seen in Fig. 7 . However, the linear elastic analysis leading to Eq. (4) considerably underestimates the stress relaxation length, producing l p = 1.9 μm.
The apparent dependence of G adh on strain presumably reflects the heterogeneity of interface properties. The random locations of buckles, see [10] and Fig. 1 , as well as the scatter in buckle spacing represented in Fig. 3 indicate that a probabilistic mechanism influences the progressive buckling process. It follows from theoretical arguments of e.g. [19] [20] [21] [22] that progressive random fragmentation evolves towards a log-normal fragment size distribution under rather general conditions. In the case of constrained cracking of composite materials in tension, such a distribution has been verified for binary fragmentation at large strains [23] . Note that the buckle spacing distribution of interacting buckles, Fig. 3 , also is close to log-normal. By contrast, the deterministic coating wrinkling process (retaining bonding to the substrate) due to loss of stability generates uniformly spaced buckle patterns [24, 25] (with the buckling wavelength dependent on fragment width [26] ).
Coating fragments are likely to buckle at imperfection sites, which could be low interface adhesion, geometrical imperfections of coating or substrate [27] etc, when the ERR made available by the formation of a buckle exceeds the local interfacial fracture toughness. We have neglected the variation of the ERR along the coating fragment (associated to a local variability in the geometrical parameters and deformability of the coating, substrate, and interphase) by considering only a perfectly planar fragment geometry and uniform mechanical properties. Therefore, all the material and geometrical variability effects related to the interface are contained in the apparent interfacial adhesion. The probabilistic features of progressive buckling are likely to be governed by Poisson-Weibull statistics that is applied to stochastic fracture modelling of brittle solids, e.g. fibres and fibrous composites [28] , in tension. Probabilistic modelling of the buckle accumulation process is the subject of further work. However, for a stochastic buckle accumulation process, the critical ERR value at buckling onset is likely to provide a conservative estimate of the adhesion, as it effectively probes the toughness at the weakest spot of the interface.
The accuracy of the G adh estimates obtained using the proposed model is affected by the simplifying assumptions introduced above by the model geometry. The presence of open buckles in the SiO x /PET system at large strains has been verified in [29] . We presumed that the buckling process produces predominantly open buckles at all strains, and neglected the residual strain energy present in the partially detached coating fragments. Another simplification relates to replacing, in the numerical analysis, the coating segmented by cohesive cracks by a single coating strip. Thus the constraining effect of adjacent fragments on the stress relief caused by buckling-driven delamination is neglected in the model. This leads to an increase of calculated G adh . However, the error in G adh estimate at buckling onset is less than 10%, as suggested by additional FEM calculations accounting for the proximity of neighbouring fragments to the debonding one. Lastly, we assumed that the delamination runs strictly along the coating/substrate interface producing smooth debonded surfaces. Should the actual delamination process produce microdamage, such as crazing or microcracking, of the substrate, the dissipated energy would also be included in the effective G adh .
Conclusions
A finite fracture mechanics based model is developed to evaluate the adhesion of a thin brittle coating to a compliant substrate using buckling patterns observed during a fragmentation test. The model is applied to SiO x /PET test data and enables interfacial toughness estimates to be obtained. In the initial stage of the progressive buckling characterized by widely spaced, non-interacting buckles, the apparent toughness is found to markedly increase with applied strain. This is tentatively explained by the probabilistic nature of buckling events, related to the local variability in geometrical, deformability, and adhesion parameters of the system. An estimate of the adhesion toughness G adh equal to 15 J/m 2 is obtained at buckling onset.
